Nuclear pore complexes (NPCs) are the sole mediators of transport between the nucleus and the cytoplasm. NPCs have a life cycle: they assemble, disassemble, turnover, and age. The molecular mechanisms governing these different vital steps are beginning to emerge, suggesting key roles for the core structural scaffold of the NPC and auxiliary factors in the assembly of this large macromolecular complex, and connections between NPC maintenance, NPC turnover, and aging of the cell.
Introduction
The defining characteristic of a eukaryotic cell is the nucleus. The nucleus is delimited by a double membrane bilayer called the nuclear envelope (NE) that is continuous with the endoplasmic reticulum (ER). The NE surrounds and protects the chromatin, forming a barrier that spatially uncouples transcription from translation. The NE also provides a central anchor site for numerous nuclear and cytoplasmic structures, such as the nuclear lamina and the spindle organizer [1] .
Trafficking between the nucleoplasm and the cytoplasm occurs through nuclear pore complexes (NPCs), large multiprotein complexes that form selective channels perforating the NE double membrane. NPCs function as gatekeepers of the nucleus [2] , allowing the free diffusion of small molecules, while regulating the transport of macromolecules with high specificity. In this review, we focus on the mechanisms and signals that regulate how more than 450 protein molecules assemble to form this efficient molecular machine.
Structure and function of the NPC
The NE is formed by two concentric membrane layers: the outer nuclear membrane (ONM) faces the cytoplasm and is continuous with the rough ER, while the inner nuclear membrane (INM) faces the nucleoplasm. The only connections between the ONM and INM are at the NPCs (Figure 1 ). The NPC itself is a large proteinaceous assembly estimated to range from 40 to 70 MDa depending on the organism (reviewed in [2, 3] ). Approximately 30 distinct proteins, termed nucleoporins, compose the 450 protein NPC assembly ( Table 1) . The NPC is a doughnut-shaped structure, consisting of eight spokes arranged around a central channel. Peripheral filaments emanate from the core into both the cytoplasm and nucleoplasm.
A detailed map for the relative position of each nucleoporin in the Saccharomyces cerevisiae NPC was calculated based on multiple molecular, biochemical, and structural data [4, 5 ]. This map shows that the NPC structure is modular, consisting of a few highly repetitive protein fold types, suggesting that the bulk of the NPC's structure has evolved through gene duplications from a precursor set encoding only a few proteins. Within its core, the NPC possesses a cage-like scaffold made of proteins with striking similarities to the clathrin-like proteins that coat transport vesicles (e.g. clathrin/adaptins, COPI complex, and COPII complex [6, 7] ), a resemblance that has been borne out in numerous recent crystallographic studies (e.g. [8] ). These similarities suggest a common evolutionary origin for NPCs and coated vesicles, suggesting in turn that these proteins functioned as an early membranecurving mechanism that led to the formation of the internal membrane systems in modern eukaryotes (reviewed in [9] ).
There are several classes of nucleoporins (Table 1) : transmembrane, core, linker, and FG nucleoporins. Transmembrane nucleoporins span the nuclear membrane and presumably help anchor the NPC to the NE. Core nucleoporins make up the Nup84 and Nup170 complexes and form the cage-like scaffold within the NPC. FG nucleoporins are characterized by natively unfolded domains that include multiple phenylalanineglycine (FG) dipeptide repeats. Linker nucleoporins connect the FG nucleoporins to the core scaffold (Figure 1 ).
The transport function of the NPC is mediated mainly by FG nucleoporins. The disordered domains form a cloud filling the NPC, thereby occluding most macromolecules from transiting the central tube (Figure 1) . Meanwhile, these same domains provide docking sites for transport factor-cargo complexes and facilitate their passage across the NPC. Because transport is mediated by diffusion and stochastic interactions, without requiring large-scale changes in the NPCs structure, the NPC thus behaves as a 'virtual gate' (reviewed in [10, 11] ).
Transport across the NPC is fast, energy-dependent, receptor-mediated, and highly regulated (reviewed in [10, 11] ). The process involves many transport factors, particularly those belonging to a structurally related family of proteins termed Karyopherins (Kaps). Kaps bind to specific import (NLS) or export (NES) signals in their cargos. The Ran GTPase provides the energy for Kapmediated transport. In the nucleoplasm, Ran is maintained in its GTP-bound form by chromatin-associated RanGEF, while in the cytoplasm, GTP hydrolysis by Ran is stimulated by RanGAP. Thus, the nucleotide-bound state of Ran also provides a means for the directionality of transport. During import, a Kap binds to its NLS-bearing cargo in the cytoplasm and transits the NPC. Once in the nucleus, RanGTP binds to the Kap, causing cargo release. During export, Kaps bind their NES-bearing cargo in the presence of RanGTP. Once the export complex passes through the NPC into the cytoplasm, conversion of Ran to its GDP-bound state triggers cargo release.
NPC assembly into an intact NE
NPCs have their own lifespan -they are born, live out their lives, age, and can be taken apart and reassembled. The NPC life cycle has been shown to be tightly associated to cell cycle progression and to the life cycle of the NE [12] . During interphase, the NE surface area enlarges, concomitant with an increase in the number of NPCs [13] [14] [15] . How these NPCs assemble during interphase is still largely an uncharacterized process, but key clues to unraveling this process are now emerging.
Several plausible mechanisms have been discussed for the formation of NPCs during interphase: firstly, the newly synthesized components could be assembled and incorporated de novo into a region of the NE devoid of pre-existing NPCs; secondly, newly synthesized components could be assembled into pre-existing NPCs, forming enlarged precursors that then split into two daughter NPCs, or thirdly, NPCs could be assembled in cytoplasmic membrane systems or vesicular intermediates that can later be fused to the NE. In this last case, the ER is the most probable source of membrane-associated NPC precursors due to its intimate relation with the ONM. For three decades, despite tantalizing clues, no clear evidence had emerged to differentiate between these possibilities. However, a recent breakthrough [16 ] showed that in vertebrate cells, NPC assembly occurs in NE regions where no pre-existing NPCs were detected and that the newly formed NPCs did not contain significant amounts of components taken from preformed NPCs. Using a cell-free NPC insertion assay, D'Angelo et al. [16 ] were also able to determine that NPC components were recruited from both sides of the NE. The process also required RanGTP, both a nuclear and cytoplasmic pool of the Kap importin beta, and the Nup107-160 complex (the vertebrate homolog of the yeast core scaffold Nup84 complex) ( Table 1 ). The Nup107-160 complex [17, 18] , as well as the Nup84 complex [19] , is a biochemically distinct entity that can be isolated via extraction of intact NPCs. This raises the possibility that NPC assembly might function by incorporating some large prefabricated 'building blocks' made from nucleoporins connected in biochemically stable subcomplexes. Presumably the nuclear pool of NPC building blocks is maintained by nuclear import, implying that the preexisting NPCs are needed as transporters, but not as templates, for the assembly of new NPCs into intact NEs.
Genetic dissection of NPC assembly in the yeast S. cerevisiae has also provided clues toward the mechanism of NPC assembly. In a screen for defective NPC assembly, npa (nuclear pore assembly) mutants were isolated that corresponded to Ran, RanGEF, RanGAP, Ran transport cofactor NTF2, and Kap95 (the homolog of vertebrate importin beta) [20] [21] [22] . The loss of proper localization of nucleoporin components in these mutants [20, 22] led the authors to propose that Kap95 and Ran mutants are blocking the same stage of NPC assembly. However, this blocking effect seemed to happen in different cellular compartments. Ran cycle mutants showed a characteristic accumulation of nucleoporin-containing small membrane vesicles in the cytoplasm [20] , whereas Kap95 loss of function mutants presented accumulation of extended membrane sheets [22] . Regardless, both point to an antagonistic effect on membrane dynamics. Thus, it has been proposed that cytoplasmic Kap95 might function to inhibit the fusion of the nucleoporin-containing vesicles until they reach the NE where RanGTP binds Kap95 [20, 22] . This would disrupt Kap95's inhibition and allow fusion of the vesicular NPC precursor to the NE. Thus, a balance of Kap95/importin beta and RanGTP at the NE seems to be required for NPC assembly into an intact NE in yeast, as happen in vertebrate cells (see above and [16 ] ).
In addition to Kap95, other transport factors have been implicated in NPC assembly. Kap121 has been proposed to help target Nup53 to the NPC, where it localizes to the core scaffold component Nup170 For the first time in living cells, the pool of nucleoporins present at the point of photoconversion (red) could be distinguished from those newly synthesized after exposure (green). These experiments confirmed that there are at least two different pools of nucleoporins forming functional NPC intermediates. The first pool accumulated in cytoplasmic foci and was enriched in nucleoporins that are found mainly on the cytoplasmic side of NPCs. Also found in this first pool were core scaffold and transmembrane localized nucleoporins. The second pool localized to structures at the nuclear side of the INM; the second pool also included core and transmembrane nucleoporins, but instead of cytoplasmic nucleoporins it was enriched in nucleoporins found on the nuclear face of the NPC. In either case, these accumulating precursors resemble those seen in the mutants impaired in Kap95/importin beta or Ran function, implying that the precursors are formed through blockage of the NPC assembly pathway [20, 22] . Together, these intermediates help assemble the NPC de novo from both sides of the yeast NE.
Taking together all that is now known, we can propose a mechanism for NPC assembly into intact NEs (Figure 3) . First, transmembrane nucleoporins and components which form the inner ring in mature NPCs congregate on both sides of the NE, probably starting the process of bending the ONM and INM. Perhaps to accomplish this, Nup170 homologs carry a predicted membrane binding amphipathic alpha-helix, called an ALPS motif [28] . Thus Nup170 homologs, inner ring components which are directly associated with the central NPC transmembrane ring, could also interact directly with the NE membranes through the ALPS motif, bending the ONM and INM, as well as stabilizing the resulting NE pore. Additionally, the membrane nucleoporins may require association of the Nup170 complex proteins in order to initiate the formation of the NE pore. A similar prepore arrangement has been described in the fungus Aspergillus nidulans, where transmembrane nucleoporins and Nup170 form the minimal scaffold required for the rest of the NPC to reform at the end of mitosis ([29 ] and see below). Members of the Nup84 complex and paralogous nucleoporins Nup53 and Nup59 (all proteins comprising or closely associated with the core scaffold) have also been shown to contain ALPS motifs and thereby are also potentially able to directly interact with membranes (although none of them have actually been shown to do so in vivo) [28, 30] . The association of Nup170 and Nup157 with these NPC components [5 ] would allow the formation of a membrane coating structure, namely the core scaffold, around the NE pore that would enable the final stabilization of the newly formed prepore. To complete NPC assembly, the remaining nucleoporins would incorporate into the prepore scaffold with the FG nucleoporins likely being the last components assembled. However, this scenario is unlikely to be comprehensive and more work is required to understand the exact timing and molecular mechanisms governing NPC insertion into the intact NE.
Non-nucleoporin factors implicated in NPC assembly
One exciting possibility that has been raised is the role of non-nucleoporin factors in the NPC's formation. We have already mentioned how Ran, Ran cofactors, and the Kaps appear to aid NPC assembly [20, 22, 23] . Other recently described candidates for assembly factors include the ER protein Apq12 [31] , and members of the reticulon (RTN) and Yop1/DP1 protein families [32 ] . RTNs and Yop1/ DP1 proteins are of particular interest, as they can bend membranes and have functions in both tubular ER maintenance [33] [34] [35] and postmitotic NE shaping [36] . Dawson et al. [32 ] showed that yeast RTNs are required for proper NPC formation, and vertebrate RTNs are required for in vitro de novo pore formation. As RTNs also genetically interact with transmembrane nucleoporins [32 ] , perhaps RTNs can aid transmembrane nucleoporins during the initial membrane fusion of NPC assembly or facilitate stabilization of the nascent pore (Figure 3) . No direct interaction has been reported between RTNs and nucleoporins, supporting a transient role for RTNs in NPC assembly. Perhaps other factors are also involved in NPC formation, but as in the case of RTNs, their role would be transient, as they do not seem to be present in the mature NPC.
NPC disassembly and assembly during mitosis
In eukaryotes undergoing closed mitosis (e.g. the budding yeast S. cerevisiae), the NE and NPCs remain intact throughout the entire cell cycle. However in eukaryotes undergoing open mitosis, the NE and NPCs disassemble completely at the onset of mitosis (prophase) and reassemble around the segregated chromosomes at the end of mitosis (telophase) (Figure 2) . While a closed mitosis is often cited as characteristic of lower eukaryotes [37] , the degree to which a mitosis is closed or open varies markedly among plants and metazoans [38] ; for example, in the filamentous ascomycete A. nidulans the NE remains mostly intact throughout the cell cycle but there is a partial disassembly of the NPC during mitosis. These 'remnant' NPCs are freely permeable to the assembling spindle components and also provide the framework for the dispersed nucleoporins to reassemble at the end of mitosis. In some metazoans such as Drosophila the mitotic spindles form through open fenestrae in a degenerate NE while the NPCs disassemble to various degrees [39] . We would therefore argue that many organisms utilize mechanisms somewhere along a continuum between 'open' and 'closed' mitosis. These intermediate states of assembly may serve as important models for understanding the tenets of NPC assembly, particularly as the mechanisms guiding interphase NPC assembly and telophase NPC reassembly after open mitosis share common elements.
Returning to mitosis in A. nidulans, the NPC is partially disassembled at the onset of mitosis [40] , leading to the dispersion of 14 nucleoporins while 12 other nucleoporins [41] remain attached to the NE as a remnant pore structure. Interestingly, the Aspergillus Nup84 subcomplex, though normally part of this remnant framework, was shown to be dispensable, leaving a minimal framework comprising the three transmembrane nucleoporins (AnPom152, AnPom34, and AnNdc1), AnNup170, and AnGle1 [29 ] . Remarkably, a triple deletion of all the known transmembrane nucleoporins of the fungus is fully viable [29 ] . How can the ONMs and INMs be fused and an NPC assembled without the presence of any transmembrane nucleoporins, particularly in light of the yeast results discussed above? Although the presence of an asyet unidentified Aspergillus transmembrane nucleoporin cannot be ruled out, the evidence so far points to an overlapping role of core and transmembrane nucleoporins in NPC pore structure maintenance. It is also possible that other accessory factors that are not dedicated nucleoporins assist the NPC (as discussed above).
The process of NE disassembly and reassembly during open mitosis has been comprehensively discussed in a recent Current Opinions in Cell Biology review [42] . Disassembly of the NPC in open mitosis is a fast process, such that it has been difficult to obtain the precise timing of its ordered steps. However, using in vivo time-lapse microscopy analysis of 11 GFP-tagged nucleoporins corresponding to members of 8 different NPC subcomplexes [43 ] , it was possible to determine that disassembly is Nuclear pore complex biogenesis Fernandez-Martinez and Rout 607
Figure 2
Schematic illustrating the different types of mitosis. During mitosis, the mitotic spindle (purple) forms while the NE (orange) and NPCs (blue) are retained to differing degrees, resulting in the nucleoplasm (green) being retained only in the closed form of mitosis. To the right are shown which major features of the NPC are still intact, and which are dispersed.
highly synchronous, and moreover it is not simply the reverse sequence of NPC assembly (see below). Phosphorylation of certain key nucleoporins at the onset of mitosis seems to be the signal that triggers the destabilization of protein interactions within the NPC, leading to its deconstruction [44] [45] [46] . There is also strong evidence of known mitosis-specific kinases being involved in nucleoporin phosphorylation. Examples are the cyclindependent kinase Cdk1 in yeast [47, 48] and the A. nidulans kinase NIMA, which is required for the partial disassembly of the NPC (see above and [40] ). Rather that passively waiting for telophase, the resulting disassembled nucleoporins play specific roles in ensuring the proper progress of mitosis. For example, in certain metazoans, the Nup107-160 complex (Table 1) associates with kinetochores and appears to be required for the correct assembly of the mitotic spindle [49, 50] . NPC components may also help to recruit NE disassembly factors, one of which -the COPI complex -is a vesicle coating complex structurally related to clathrin (and NPCs). It has been suggested that the COPI complex plays a key role in vesiculating the NE membranes [51, 52] .
At the end of mitosis the NE is rebuilt around the segregated chromosomes, and NPCs are reassembled in a stepwise process [43 ] . Recently, an important player in NPC postmitotic reassembly has been discovered -the protein ELYS/Mel28, which is associated in interphase with the Nup107-160 complex [53] [54] [55] . During mitosis, importin beta (the vertebrate Kap95 homolog) has been shown to bind the Nup107-160 complex, regulating its interactions with chromatin and other nucleoporins [56, 57] . However the high concentration of RanGTP found around chromatin at the end of mitosis [58] cancels the inhibitory effect of importin beta on nucleoporin assembly [56, 59] . ELYS/Mel28 associates with chromatin via its DNA-binding AT hook motifs [60] and recruits the Nup107-160 complex [53, 55, 61] , transmembrane nucleoporins, and associated NE membrane [62, 63] to the reassembly sites for the NPCs. At this point, in a strikingly similar mechanism to that recently proposed for Figure 3 Proposed path of interphase NPC assembly; see main text for details.
interphase assembly (see above and [24  ,25 ,26 ]), nucleoporins Nup155 and Nup53/35 are required for NE membrane fusion and NPC assembly progression [64, 65] . Nup155 and Nup53/35 are ALPS motif containing homologs to the yeast Nup170 and Nup53, respectively (Table 1) . It is tempting to speculate that these nucleoporins are mediating the bending and stabilization of NE membranes around the nascent NPC scaffold along with the Nup107-160 complex [57] . Finally, complexes containing linker and FG nucleoporins are incorporated into the now NE-embedded NPC, thereby restoring the selectivity of the NE even before the final incorporation of the full set of FG nucleoporins [43 ] (Figure 3) . It remains an open question if, during interphase NPC assembly, chromatin plays a role in defining the points in the NE where new NPCs will be inserted, as has been shown to happen during mitotic NPC reassembly.
NPC turnover
Many cells do not divide for prolonged periods of time, such that no new NPCs are added by cell division or recycled during mitosis. For example, in human neurons NPCs must retain functionality in a cell that persists for decades without division. However, defective NPCs could lead to catastrophic mixing of nuclear and cytoplasmic contents. What mechanisms ensure the functional integrity of the NPC? How are components of the NPC repaired or renewed? Once assembled and fully functional, does the NPC adjust to changes in cellular function?
Recent evidence suggests that the cell does not wait for NPC damage -rather, the NPC is a dynamic structure that is constantly exchanging its components. The rates of exchange vary greatly ranging from seconds for some peripheral components to days for core scaffold nucleoporins such as the Nup107-160 complex in dividing mammalian cells [66] . As a result, not even one component, even if defective, would remain in the NPC long enough to significantly affect its function (bearing also in mind the tremendous redundancy between nucleoporins).
This observed turnover suggests that even when the NPC is not being regularly disassembled at mitosis, the expression and exchange of components would rejuvenate NPCs in older cells. However, things might not be quite so simple. During mitosis in the yeast Saccharomyces, the original 'mother' cell buds off a new 'daughter' cell. Surprisingly, septin proteins and Bud6 form a barrier between newly dividing cells, facilitating asymmetric segregation of 'old' NPCs and associated aging factors to the nuclei of mother cells, while 'rejuvenating' daughter cells by targeting newly formed NPCs to the daughter NE [67 ] . In a similar vein, NPC component expression is not always maintained over the lifespan of a nondividing cell. In both postmitotic cells found in C. elegans and in differentiated mammalian cells [68 ] , expression and turnover for scaffold nucleoporins is greatly diminished, or even perhaps absent. As a result, age-related deterioration of linker nucleoporins (Table 1) compromise the gating process for these NPCs over time. It is possible that some stable nondividing cells stop turning over their NPC components years before cell death. If so, the last line of defense for NPC components would be protection from oxidative damage. As the aging process causes standard molecular maintenance pathways to fail, these components will begin to show significant damage later in life. These findings open up a whole new area of investigation into links between aging and maintenance of the NPC's gating function.
Perspectives
Recent publications have begun to elucidate the mechanisms of NPC biogenesis. Because the core scaffold of the NPC is structurally related to vesicle coating complexes, it is likely that NPC assembly bears mechanistic similarities to coated vesicle formation (especially in regards to the act of curving membranes). It is now understood that key transmembrane and core scaffold nucleoporins are required to form a prepore structure to which the rest of the NPC components are recruited. Moreover it has finally been established that NPCs can assemble de novo without requiring pre-existing templates. However, almost nothing is known about the pathways that regulate assembly and disassembly of NPCs. Clearly, regulation does exist for NPC formation, as demonstrated by the rate of increase of NPC assembly in response to both cell division and metabolic changes in the cell [67 ,69] . Other important questions remain to be answered. What marks the site for the insertion of a new NPC into the interphase NE? What role does peripheral chromatin play in NPC biogenesis? Does membrane lipid composition influence NPC assembly? Is there any point during interphase NPC assembly when a pore exists without the FG nup barrier? If so, how does this affect the membrane selective permeability?
Once formed, the NPC is a fluid structure with components turning over to varying degrees. The formation and maintenance of the NPC is tightly linked to the growth of its cell; when a cell stops dividing, NPC biogenesis and turnover seem to slow or even stop. As the cell begins to age, so too does the NPC. Excitingly, as we continue to understand more about the birth, life, and death of NPCs at a molecular level, so too do we understand how these events affect the life cycle of the cell as a whole. 
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